suggests that a into the evolution of the sex chromosomes.
surprising finding that these newly described genes are presence of these different per transcripts in these two cell types. Using this approach, however, we were unpresent only in female silkmoths has implications for molecular and biochemical mechanisms of the endogeable to detect any difference in the expression of these per isoforms in RNA isolated from eye and brain tissues nous clock and the evolution of sex chromosomes.
(data not shown). The sequence of the 5Ј region of the per gene was Results further examined for transcriptional elements that might contribute to oscillating levels of the per transcript. First, Organization of the A. pernyi per Gene To begin to understand the mechanisms responsible for RACE was used to obtain the 5Ј-most sequence of the silkmoth per cDNA. These amplifications found an addioscillating per mRNA expression, the genomic structure of the silkmoth gene was determined. In striking contrast tional 241 bp of sequence (5Ј of that previously published), corresponding to exon 1 (Figure 1 ). Sequencing to the Drosophila melanogaster gene, which is comprised of eight exons and seven introns (Jackson et al., of genomic clones in this 5Ј region identified a TACATA sequence beginning 31 bp upstream of this putative 1986), silkmoth per contains 20 exons and 19 regions of intervening sequence, the RNA being transcribed transcriptional start (compared to the TATATA box consensus sequence for transcriptional initiation; Darnell et from ‫02ف‬ kb of genomic DNA ( Figure 1A ). Translation is initiated from an AUG codon within the third exon and al., 1990). Circadian regulation of per transcription in both Drosophila and mammals is mediated through E is terminated in exon 20, which also contains the entire 3Ј untranslated region. The largest intervening sequence box enhancer elements containing a CACGTG sequence (Hao et al., 1997 (Hao et al., , 1999 Gekakis et al., 1998) . The seis the 5.5 kb intron 5. The PAS domain is encoded by exons 7-11. quence of genomic clones was examined to identify E box motifs that may drive oscillations in per transcripSplice variants have been described for Drosophila per transcripts that give rise to alterations in both untion. No such elements exist within the first two introns or 2 kb upstream of the transcriptional start site. Restrictranslated and coding sequence (Citri et al., 1987) . 5Ј RACE (rapid amplification of cDNA ends) and RT-PCR tion digests of genomic clones with PmlI (CACGTG recognition sequence), however, identify an E box located (reverse transcriptase-polymerase chain reaction) experiments demonstrate that alternative splicing also oc-3-4 kb upstream of exon 1. curs in the 5Ј region of the silkmoth per mRNA ( Figure  1B ). In the untranslated region, the first exon is found to be spliced to either exon 2 or exon 3; the latter case Defining the Region of Overlap Between per and per Antisense Transcripts yields a transcript that is 137 bp shorter due to the absence of exon 2. Within the coding region, an alternaPrevious in situ hybridization and RNase protection assay experiments (Sauman and Reppert, 1996b) detive splice acceptor site is used by exon 4 that results in a 6 bp deletion within the open reading frame (deleting tected an endogenous antisense transcript using sense riboprobes corresponding to the PAS domain sequence amino acids 31 and 32) that leaves the remaining protein sequence intact. of per. RNase protection assays showed protected antisense fragments to be considerably smaller than the As previously noted, the behavior of PER in silkmoth photoreceptors (rhythmic nuclear localization) is distinct 420 nt probe used (205 nt and a more easily detectable 175 nt fragment), indicating that this RNA has complefrom the behavior of PER in central brain (rhythmic axonal localization and no apparent nuclear entry). To invesmentary sequence that is limited to only a portion of the PAS domain. tigate whether these alternative splicing events were responsible for the difference in per localization in phoTo more precisely determine the region of complementarity, mapping RNase protection assays were done toreceptors relative to central brain neurosecretory cells, RT-PCR experiments were done to evaluate the with progressively smaller riboprobes corresponding to cDNA match no known per genomic sequence. The continuity of these 3Ј and 5Ј RACE products in a single product was confirmed by sequence analysis of RT-PCR experiments from moth brain total RNA (data not shown). In addition, RNase protection assays using riboprobes corresponding to novel regions of the antisense cDNA ("pBrep 1" and "pBrep 9" in Figure 3A ) detected similar amounts of the antisense transcript from moth brain RNA (data not shown). Analysis of the full cDNA sequence yields no open reading frames in the 5Ј to 3Ј direction, eliminating the possibility that the antisense transcript encodes a protein that may be directly involved in an output of the clock. When the 5Ј 340 bp of the antisense cDNA were included in a BLAST search for translated protein similarity, however, this region was found to resemble the protein sequence of the BEL retrotransposon of Drosophila melanogaster (P[N] value ϭ 4.3 ϫ 10 Ϫ7 ) (Davis and Judd, 1995) . Although this translated sequence runs in the 3Ј to 5Ј direction relative to the antisense cDNA and is not likely to be translated into protein from the to intron 10. Three additional disparities are also seen in the exon 10 region. The base pair discrepancies that occur between the antisense cDNA and the genomic exons of the per genomic sequence (Figure 2A ). In the first three lanes of Figure 2B , the easily detectable 175 sequence of per cannot be explained by RNA editing (reviewed by Inouye, 1988; Krystal, 1992; Knee and Murnt antisense band is shown to be protected by both the Per-c2A and c2A 3Ј probes, demonstrating that the phy, 1997) ( Figure 3B ). Furthermore, the gaps that occur between these two sequences cannot be resolved by antisense is complementary to a 3Ј region of the PAS domain. The smaller 3Јb riboprobe, corresponding to anomalous intron splicing resulting from RNA duplex formation. Instead, the endogenous antisense transcript the tenth exon of per, is also protected by the antisense transcript, whereas the 3Јa probe is not. These experiappears to be transcribed from a distinct genomic location, rather than being a "true antisense" encoded from ments demonstrate that the antisense transcript is complementary to the per mRNA at exon 10. the minus strand of the per gene. PCR amplifications using genomic DNA as template The cDNA sequence of the endogenous antisense transcript was obtained by 5Ј and 3Ј RACE using primers not only confirmed that the antisense and per transcripts are encoded by distinct genomic loci, but that a second corresponding to the exon 10 sequence of per. Amplifications with nested primers in both 5Ј and 3Ј directions per-like gene also exists in the silkmoth. These amplifications used a common exon 10 primer. The antisense amplified two sets of products. As expected, one group of products included per cDNA sequences from which sequence was obtained with an opposing primer located in the 5Ј region of its cDNA. per intron 10 sequences introns were properly spliced (data not shown). These products were distinguished from a second set of RACE were separately amplified with an opposing primer in the coding sequence of exon 11. Antisense genomic products that contained exon 10 sequence as well as adjacent intronic sequence and therefore defined the sequence matched that of its cDNA, demonstrating it to be a locus unique from per (see Figure 3B ). AmplificacDNA sequence for the endogenous antisense ( Figures  3A and 3B) . Products in the 3Ј direction relative to the tions of the per gene across intron 10, however, gave two different results. In addition to the expected genomic antisense cDNA read from exon 10 into intron 9 before diverging 192 nt from the splice acceptor site (Figure sequence, an anomalous sequence was also found that included variations of intronic sequence as well as base 3B). In all cases, these products contained a polyadenyl- identical and 21% similar to PERZ. Amino acids 65-74 of the previously described PERZ sequence are homologous to a region of Drosophila PER that regulates transMales are homogametic, ZZ, and females are heterogalocation to the nucleus (Saez and Young, 1996). In commetic, ZW (reviewed by Goldsmith, 1995). Therefore, parison to PERW, this putative nuclear localization genes located on autosomes and the Z chromosome sequence (NLS) shares only 20% identity and 40% simiwill be shared by animals of both genders, whereas larity with PERZ. Interestingly, the N-terminal half of genes found on the W chromosome will be found only PERW is 89% identical to a more C-terminal region of in female silkmoths.
PERZ (Figures 5A, green hatched boxes, and 5B, green PCR analysis of genomic DNA from individual male underlined sequence). This region of PERW lacks 32 and female silkmoths revealed that the antisense and amino acids that are normally encoded by exon 15 of the novel version of per are found only in females and the perZ cDNA. Together, these results suggest that the thus must be located on the female-specific W chromoperW gene arose from an incomplete duplication and some. To distinguish between the previously described rearrangement of the perZ gene. version of per and the novel per-like gene, the names perZ and perW, respectively, will be used hereafter. Genomic sequences were amplified using primers common
The perZ Gene Is Located on the Z Chromosome Male A. pernyi are homogametic (ZZ) and therefore have to perZ and perW ("Pan-per", Figure 4 ) or specific for perZ, perW, or the endogenous antisense genes. The two copies of genes contained on the Z chromosome, whereas females have only one (ZW). In Southern blots results of PCR experiments for two animals clearly illustrate that perW and the antisense genes are not present probed for exon 2 and exon 6 sequences, the perZ band is approximately twice as intense in the male versus protection assays using different per riboprobes demonstrate that this is the case (see Figure 6A , lanes 1 and female samples. Densitometric analysis of two different 2; Table 1 ). The per 206 probe, which measures both blots probed with exon 2 sequence found the perZ band perZ and perW RNA, detects twice as much per tranto be 2.02 Ϯ 0.36 (mean Ϯ SEM) times stronger in male script in males relative to females at zeitgeber time (ZT) lanes relative to female lanes. In three different blots 20, when perZ levels peak. At ZT 8, however, per levels probed with exon 6 sequence, the male perZ band was are nearly equal in males and females, suggesting that 2.46 Ϯ 0.53 times more intense than the female band.
the perW transcript contributes more to total per RNA These results indicate that males have twice the amount levels at times when perZ is low. Riboprobes specific of perZ sequence, localizing the gene to the Z chromofor the perZ transcript detect 1.72-2.18 times more of some. Genetic analysis in the domesticated silkmoth this RNA in males relative to females at both time points Bombyx mori similarly indicate that per is located on (Table 1 , Per-c2A 5Ј and 3Ј probes). the Z chromosome in that silkmoth species (T. Shimada, personal communication).
In Drosophila, sex-linked genes are known to be dosperZ and perW RNA and Protein Expression age compensated. That is, transcription of genes loThe levels of RNA produced from both the perW and cated on the X chromosome of male flies (XY) occurs perZ genes were analyzed simultaneously in RNase proat an enhanced rate relative to the same genes in fetection assays. The riboprobe used for these studies males (XX) (reviewed by Henikoff and Meneely, 1993; was synthesized according to perW sequence and proCharlesworth, 1996). This mechanism ensures that tects a 130 nt band. This probe was also used to detect these genes are equally expressed in both sexes. The the perZ transcript in the same assays where base pair Drosophila period gene, located on the X chromosome, discrepancies within the probe sequence gave rise to is no exception ( expressed antisense transcript that appears not be be translated.
Discussion
The present study demonstrates that the endogenous antisense per RNA is restricted to the genome of female animals. In this regard, male silkmoths serve as a "natural knockout" for the antisense gene. Since these animals are perfectly rhythmic in all aspects of circadian behavior, including gated eclosion and flight activity (Truman, 1971 (Truman, , 1972 (Truman, , 1974 ; our unpublished data), the endogenous per antisense transcript cannot be essential for molecular regulation of the endogenous silkmoth clock. The oscillations of perZ RNA observed in silkmoths Another intriguing result of these studies is the discov-DNA probed for exon 10 sequence should give rise to three times more per-positive signal as male genomic ery of a novel per gene homolog, perW, that has a deduced primary sequence for a protein about half the DNA. The results of such an experiment, however, are surprising. After digestion with EcoRV, male genomic size of PERZ but retains a high amount of sequence identity (see Figure 5) . Clearly, perW is not essential for DNA probed for exon 10 detects two bands due to the presence of a restriction site within the probe region the core circadian clock mechanism, since perW RNA and protein do not cycle, and, like the antisense gene, (Figure 8, far right) . An equal amount of female genomic DNA, however, gives rise to multiple bands that are far it is not contained in the genome of rhythmic male animals. It is thus possible that perW participates in output more intense than those of the male lane. This indicates that the W chromosome has multiple versions of this mechanisms controlling female-specific behaviors. The localization of the functional perZ gene to the Z segment of the per gene and that these versions are copied many times. Two of these are undoubtedly the chromosome of A. pernyi has implications for circadian behavior. Like other X-linked genes in fruitflies, DroperW and antisense genes. When similar blots were probed for exon 6 sequence, the perZ band is clearly sophila per is dosage compensated in males to express equal amounts of RNA compared to females (Cooper et seen in both male and female genomic DNA. Again, females show at least one additional band that is far al., 1994). Silkmoths, however, possess no mechanism to compensate for Z-linked gene dosage (Suzuki et al., more intense than the perZ band, demonstrating that this sequence too appears numerous times on the W 1998, 1999; reviewed by Goldsmith, 1995). The present study demonstrates that perZ also follows this pattern; chromosome. Although other more faint bands may have been obscured in this lane, this pattern appears its RNA in brain is approximately twice as abundant in males relative to females (see Figure 6A and Table 1 ). less complex that that seen with the exon 10 probe. The exon 5 probe, on the other hand, detects bands of equal Elevated amounts of such a clock component are expected to affect the timing mechanism of the paceintensity in both DNA samples, indicating that the W chromosome has one copy of an analogous per semaker, such that the protein would accumulate faster and critical levels would be reached more rapidly. This quence. The W chromosome, however, appears to have a version of exon 2 sequence that is altered relative to would effectively accelerate the kinetics of the clock and result in a shorter circadian period (Leloup and Goldthe structure of the perZ gene, since an additional band appears in the female lane (Figure 8 and data not shown) .
beter, 1998). In fact, when per gene dosage is manipulated to higher or lower copy numbers in Drosophila, Taken together, these results suggest that the W chromosome possesses multiple sequences with high similocomotor activity rhythms exhibit shorter or longer periods, respectively (Smith and Konopka, 1982) . When flies larity to regions of perZ that are 3Ј of exon 5. One of these sequences, perW, is transcribed and translated, of various genetic backgrounds are genetically manipulated to express increasing copies of the silkmoth perZ while another, per antisense, encodes a rhythmically introns were spliced, as well as 3Ј antisense fragments containing intron 9 sequence terminating in a poly A tail, the longest set of presence of perZ sequence in these animals was demonstrated by amplifications with specific primers followed by sequencing. products containing 584 bp of sequence. 5Ј RACE was performed in the opposite direction with primers originating in a similar region PCR amplifications of the antisense gene from genomic DNA were performed with primers corresponding to cDNA sequence. Seof exon 10 (nt 3073 and 3119 of the perZ cDNA sequence) and obtained 351 bp of 5Ј sequence. A second round of 5Ј RACE ampliquencing of initial amplification products demonstrated that the genomic sequence of the antisense matched that of the transcript. fied additional products, the longest of which were 414 bp in length. Numerous RT-PCR amplifications of female silkmoth brain RNA For these reactions, a 329 bp band was amplified with primers originating at nucleotides 260 and 588 relative to the antisense cDNA confirmed that these three RACE products represented a contiguous 1323 bp cDNA sequence. The antisense cDNA was analyzed and sequence. In screening individual animals for the presence of this gene, the perZ amplification served as a positive control, such that compared to the genomic sequence of perZ using the WISCONSIN PACKAGE software of the Genetics Computer Group (GCG), Version an animal was considered not to contain the antisense gene only if this latter amplification was successful. 10.0 (1998) . Database comparisons of translated protein sequences were performed using the BLASTX algorithm included with this software package. P(N) values obtained from these comparisons indiGenomic DNA Southern Blotting cate the probability that such a match would be observed purely Equal quantities (25 g) of male and female silkmoth genomic DNA by chance.
were digested overnight with indicated restriction enzymes (EcoRV, The coding region of the perW cDNA was obtained using a combiNcoI, SalI, SpeI) (Promega, Madison, WI), electrophoresed in a 0.7% nation of RT-PCR and RACE performed on RNA isolated from female agarose gel, and transferred to GeneScreen Plus nylon membranes brain tissue. Initial cloning was done using primers for RT-PCR (New England Nuclear, Boston). Under high stringency conditions, corresponding to regions within the tenth and eleventh exons of blotted membranes were hybridized to probe, washed, and exposed perZ. Because perW and perZ share a high amount of sequence to film according to the manufacturer's protocol. Probes were synidentity at the nucleotide level (97% relative to the 3Ј region of the thesized by PCR amplification of perZ genomic sequence at exons, perW cDNA), primers corresponding to perZ cDNA sequence were 2, 5, 6, and 10, and their sequences were confirmed. They were used successfully to amplify the 3Ј 845 bp of the novel transcript then random prime labeled in the presence of [␣ 32 P]dCTP (3000 Ci/ by standard RT-PCR methods. The 5Ј coding region of the perW mmol) using the Oligolabeling kit (Amersham Pharmacia, BuckingcDNA was obtained using the Gibco BRL 5Ј RACE system (Gaithershamshire, England) and 5 ϫ 10 6 cpm of labeled probe was added burg, MD). Two successive rounds of amplification produced the to 15 ml of hybridization solution. remaining 860 bp of the cDNA containing the full open reading frame. The continuity of the 1704 bp perW cDNA sequence was further confirmed by RT-PCR using perW-specific primers (data not Western Blotting shown) and compared to the perZ sequence using the GCG Package A. pernyi eye and brain extracts (n ϭ tissue from 5 animals/sample) software.
were prepared according to Edery et al. (1994) . Protein (50 g) was run on 10% SDS PAGE, transferred to nitrocellulose membrane, probed with antibody, and visualized using the Enhanced Chemi-
DNA Sequencing
Luminescence Kit (Amersham Pharmacia) as described by StanewFor manual sequencing, the dideoxynucleotide chain termination sky et al. (1997) . The polyclonal anti-PER antisera used in these method of Sanger et al. (1977) was performed using Sequenase studies was made against whole silkmoth PER protein (PERZ) that (United States Biochemical). Automated sequencing was done by was overexpressed in SF9 cells using the baculovirus expression the Molecular Biology Core Facility at Massachusetts General Hossystem (Invitrogen). The polyhistidine-tagged protein was affinity pital (Boston, MA). Primers used in these reactions were synthetic purified over Ni-Sepharose under denaturing conditions. Whole oligodeoxynucleotides derived from vector or gene-specific se-PERZ was band purified by SDS PAGE, homogenized, and sent quences.
to Covance Research Products (Denver, PA) to be combined with Freund's adjuvant and injected into rabbits. Bleeds were screened for the presence of anti-PER immunoreactivity by probing nitrocelluIsolation of Genomic DNA Genomic DNA was prepared from individual diapausing A. pernyi lose strips of SF9 cell extracts containing the baculovirus-expressed recombinant protein. The antiserum was typically used at a 1:1000 pupae. Females were distinguished from males by their smaller antennae, the disruption of the tenth abdominal segment, and their dilution (15 ml total) on Western blots of silkmoth tissue extracts. The anti-silkmoth PER antibody was validated as follows. Silkoverall larger size (Tuskes et al., 1996) . The anterior quarter of individual pupae were removed with a clean razor blade and placed in moth perZ cDNA was subcloned into pcDNA3.1-V5 (Invitrogen), which puts a V5 epitope at the carboxyl end of the translated protein. 700 l of buffer containing 200 g/ml proteinase K, 100 mM Tris HCl (pH 8.0), 200 mM NaCl, 5 mM EDTA, and 0.2% SDS and were
The clone was transcribed and translated in vitro using TnT T7 Quick (Promega), which produced a band at the predicted size of 125 kDa. incubated at 50ЊC overnight. Digests were microcentrifuged for 30 min at 4ЊC, and supernatants were combined with an equal volume The clone was also transfected into COS7 cells, and protein was subsequently extracted for Western analysis as described preof isopropanol. Precipitated DNA was pelleted by brief centrifugation, and resuspended in 100 l of TE buffer.
viously (Kume et al., 1999). Blots were probed with anti-Drosophila PER antibody (1:500; a gift from R. Stanewsky and J. Hall, Brandeis Univesity), anti-V5 antibody (1:5000), and anti-silkmoth PER anti-PCR Analysis of Genomic DNA body (1:1000). The anti-V5 and anti-silkmoth PER antibodies identiGenomic DNA template from individual male and female silkmoth fied a band that ran at the same size as the in vitro-translated protein pupae was PCR amplified with primers specific for perZ or perW (125 kDa). The anti-Drosophila PER antibody, however, did not recor with primers whose sequences were found in both genes. Nonognize this band on Western blots. Using immunocytochemistry specific per amplifications were done from an intron 10 region in (method of Sauman and Reppert, 1996b), the anti-silkmoth PER which the end sequences were identical but where the central region antibody stained the cytoplasm of large neurosecretory cells in moth diverges, resulting in distinct perZ and perW fragments of 226 bp brain, as previously reported Reppert, 1996a, 1996b) . and 206 bp, respectively. Specific amplifications of perZ and perW
Relative PERZ values were analyzed by densitometry and exgenomic sequences were done in separate reactions to amplify an pressed as a ratio of the PERZ band:nonspecific band (see Figoverlapping region of intron 10 that gave rise to products of 196 bp ure 7). and 182 bp, respectively.
To screen animals for the presence of the perZ and perW genes, at least five clones from each amplified band were sequenced to Acknowledgments confirm the specificity of PCR products. Nonspecific per amplification products from female genomic DNA contained predominantly We thank Dennis Chang for performing the PER ICC experiments; Toru Shimada and Brian Charlesworth for their helpful comments perW sequence and few, if any, perZ sequences-presumably due to the duplication of this sequence on the W chromosome. The on the evolutionary significance of the present findings and for their
